Differences in the high-energy kink between hole- and electron-doped high-T c 

superconductors 
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We have performed an angle-resolved photoemission spectroscopy (ARPES) study of 
Ndi.85Ceo.i5Cu04 (NCCO) in order to elucidate the origin of the high-energy kink (HEK) observed 
in the high-T c superconductors (HTSCs). The energy scale of the HEK in NCCO is large compared 
with that in hole-doped HTSCs, consistent with previous ARPES studies. From measurement in a 
wide momentum region, we have demonstrated that between the hole- and electron-doped HTSCs 
the energy position of the HEK is shifted approximately by the amount of the chemical potential 
difference. Also, we have found that around (n, 0) the HEK nearly coincides with the band bottom 
while around the node the band reaches the incoherent region and the HEK appears at the boundary 
between the coherent and incoherent regions. 

PACS numbers: 74.72.-h, 71.20.-b, 79.60.-i, 74.25. Jb 



I. INTRODUCTION 



Various unusual electronic structures of the high-T c su- 
perconductors (HTSCs) have so far been demonstrated 
by angle-resolved photoemission spectroscopy (ARPES) 
studies. Among them, an anomaly of the band disper- 
sion in the high-energy region of 0.3-0.5 eV has recently 
been identified experimentally and debated from exper- 
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and 
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theoretical points of view 

HI, [H [H M, H, M, SI- The anomaly is called high 
energy kink (HEK) or "waterfall" and has been inter- 
preted in different ways: Disintegration of the quasipar- 




olaronic effects [H , 



cohercncc- 



ticle into a spinon and a holon 
high-energy spin fluctuations 

incoherence crossover [H,[l3], an d ARPES matrix element 
effects @, Q. However, most of the above interpreta- 
tions of the HEK are based on the results of hole-doped 
HTSCs. In order to elucidate the mechanism of the HEK, 
it is necessary to look into electron-doped HTSCs, too, 
and to identify the differences and similarities between 
the hole- and electron-doped HTSCs. Theoretical stud- 
ies using the t-J model have demonstrated that there is 
no HEK in the electron-doped HTSCs due to the lack of 
the incoherent part in the photoemission spectra [l8l , 
while other theoretical studies have demonstrated that a 
HEK of the electron-doped HTSCs exists in a high-energy 
region compared with that of the hole-doped ones due to 
a charge modulation mechanism pbl ] or due to the dif- 
ferent magnetic susceptibilities of the hole- and electron- 
doped HTSCs according to a paramagnon-induced HEK 
mechanism [lfl. Since most of the studies of the HEK 
have been performed in a limited region of momentum 



space, more systematic investigations of the momentum 
dependence of the HEK are necessary to understand the 
origin of the HEK. 

In this work, we report on an ARPES study of the 
prototypical electron-doped HTSC Nd1.85Ceo.15Cu.O4 in 
a large energy-momentum space and compare the results 
with those of the hole-doped ones. The observed energy 
scale of the HEK was large compared with that in the 
hole-doped HTSCs, consistent with the previous ARPES 
studies [9]. The momentum dependence of the HEK in- 
dicates that the difference of the HEK between the hole- 
and electron-doped HTSCs can be largely ascribed to 
that of the chemical potential. Also, different origins 
of the HEK in different momentum regions shall be dis- 
cussed. 



II. EXPERIMENT 

High-quality single crystals of optimally doped 
Ndi.85Ceo.i5Cu04 (NCCO) were grown by the traveling 
solvent floating zone method. Single crystals of NCCO 
were annealed at 920 °C for 24 hours in Ar gas. The T c of 
NCCO was ^22 K. The ARPES measurements were per- 
formed at beamline 28A of Photon Factory (PF), Insti- 
tute of Materials Structure Science, High Energy Accel- 
erators Research Organization (KEK), using circularly- 
polarized light with energies of 55 eV and 100 eV. We 
used a SCIENTA SES-2002 electron-energy analyzer and 
a five-axis manipulator [29[ . The total energy resolution 
and angular resolution were 15-60 meV and 0.2°, respec- 
tively. Samples were cleaved in situ in an ultrahigh vac- 
uum of 10 -9 Pa. The incident angle of the photon beam 
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FIG. 1: (Color online) Plots of ARPES intensities in energy-momentum space for NCCO along various cuts shown in the 
insets, (a)-(e) Raw data, (f)-(j) Corresponding second derivatives of energy distribution curves. Data in (a), (d) are taken 
with hv = 100 eV, and those in (b), (c), and (e) are taken with hv = 55 eV. A horizontal arrow in each panel represents the 
position of the HEK. In the upper panels, the peak positions of momentum distribution curves are shown to represent the band 
dispersion. 



was approximately 45° to the sample surface. We made 
the ARPES measurements at ~10 K. The Fermi edge 
of gold was used to determine the Fermi level (£"f) po- 
sition and the instrumental resolution before and after 
the ARPES measurements. The spectral intensities have 
been normalized to the intensity above Ef, which arises 
from the second order light of the monochromator. 

III. RESULTS AND DISCUSSION 

Figure 1 shows ARPES intensity plots of NCCO in 
energy-momentum space. The momentum cut is shown 
in the insets of each panel. In the nodal region, in the 
previous ARPES studies of hole-doped HTSCs, a HEK 
was observed around 0.3-0.5 eV. In NCCO, a HEK is 
seen at a larger binding energy (0.6-0.8 eV) [Fig. 1(a)]. 
This large energy range of the HEK is close to that in 
Pri_ 2; LaCe 3 ;Cu04 (PLCCO) [§], indicating a common 
energy scale for the electron-doped HTSCs. In Figs. 
1(b)- (e), ARPES intensity plots along other cuts are 
shown. In going from the nodal region [Fig. 1(a)] to the 
(tt, 0) region [Fig. 1(e)], one can see that the binding en- 
ergy of the HEK becomes small as indicated by arrows in 
the upper panels of Fig. 1. This momentum dependence 
of the HEK in NCCO is qualitatively similar to that 



in the previous ARPES studies on P^S^CaC^Os+a 
(Bi2212)i,p, La 2 - a: Ba a: Cu04 [5], and La2-xSr x Cu0 4 
(LSCO) [y], indicating a qualitative similarity of the HEK 
between the hole- and electron-doped HTSCs, except for 
the overall energy position of the HEK. 

Let us discuss the momentum dependence of the HEK 
in more detail. In the lower panels of Fig. 1, we present 
the second derivatives of energy distribution curves of the 
ARPES intensity plots shown in the upper panels. Along 
the cut across the (7T,0) region [Fig. 1(e) and (j)], the 
band crossing Ep at k x ~ —0.2 tt/cl and that crossing 
Ep at k x ~ 0.2 ir/a merge around —0.4 eV while along 
the cut across the (37r/4,0) region [Fig. 1(b) and (g)] 
the bands do not merge down to —0.7 eV, suggesting 
two kinds of HEK depending on the momentum. As for 
the former HEK, the energy position [arrow in Fig. 1(e)] 
approximately coincides with the band bottom [arrow in 
Fig. l(j)], and below —0.4 eV the vertical dispersion of 
the momentum distribution curve (MDC) peak appears 
due to the intensity tail, indicating that the HEK around 
(tt, 0) occurs near the band bottom. The incoherent part 
may be located well below the band bottom. As for the 
latter HEK around the node, one can see that the band 
disappears and MDC-peak dispersion becomes vertical 
before arriving at the band bottom, probably entering 
the incoherent regime. 
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FIG. 2: (Color online) HEK positions in two-dimensional mo- 
mentum space for NCCO (a) and LSCO (b). NCCO data 
points have been taken using hv — 55 eV and hi; = 100 
eV. LSCO data points have been reproduced from Ref. [f|. 
Solid curve is the Fermi surface. The data were taken over 
a Brillouin zone octant and symmetrized with respect to the 
(0,0)-(7r,7r) line. 



The HEK positions, namely, the position of the "verti- 
cal" dispersion, in two-dimensional momentum space are 
plotted in Fig. 2. In NCCO, around (tt,0), the HEK po- 
sitions are close to the (0,0)-(7r, 0) line, where the band 
bottom is located. Here, the slight deviation of the HEK 
position from the zone boundary may partly be due to 
the asymmetric intensity distribution caused by the cir- 
cularly polarized light. On the other hand, around the 
node the HEK positions strongly deviate from this line, 
suggesting that the HEK positions do not correspond to 
the band bottom. This tendency has also been observed 
for LSCO as shown in Fig. 2(b) [|. It is interesting to 
note that the HEK positions are similar between NCCO 
and LSCO in spite of the very different Fermi surfaces. 
This suggests that the different chemical potential posi- 
tion in the band structure between NCCO and LSCO do 
not affect the behavior of the HEK as we shall see below. 
Here, one cannot exclude the possibility that the effects 
of matrix elements are the origin of the HEK around the 
node @, Hi- However, although we performed the exper- 
iment in two kinds of geometries and photon energies, 
significant difference was not observed in the band dis- 
persion. Therefore, we consider that from the (ir, 0) re- 
gion to ~ (7r/2, 0), the HEK occurs near the band bottom 
while from ~ (tt/2, 0) to the nodal region, it is due to the 
boundary between the coherent and incoherent regions 
before it reaches the band bottom. 

In Fig. 3(a), we show the HEK positions of NCCO, 
together with those of LSCO J™, Lai.64Euo.2Sr .i6Cu04 
(Eu-LSCO) @, and Bi2212 |f. In order to quantita- 
tively examine the momentum dependence of the HEK, 
we have fitted the d-wave order parameter to the energy 
position of the HEK, as suggested in Ref. 0, where the 
authors have found a d-wave-like behavior for the HEK 
and suggested that the HEK may be related to the super- 
conducting gap. Here, the fitted d-wave-like gap function 
is given by A(l — |cos(20)|) + B where A — —0.36 and 
B = -0.39 for NCCO, as shown in Fig. 3(a). The fitted 
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FIG. 3: (Color online) Positions of the HEK for NCCO 
(squares and circles), together with LSCO (triangles) 
6], Lai.64Euo.2Sro.i6Cu04 (Eu-LSCO) (diamonds) |3|, and 
Bi2212 (inverse triangles) [|[. The definition of the Fermi sur- 
face angle is depicted in Fig. 2(a). In going from the (tv, 0) 
region to the nodal region, the HEK position moves towards 
high binding energies, (a) The solid curve is a d-wave-gap-like 
function fitted to the HEK positions for NCCO. The dashed 
curve is that for LSCO [6|. (b) Comparison with the tight- 
binding (TB) model. TB parameters for NCCO and LSCO 
are taken from Refs. [32| and |33|]. respectively. 



results indicate that the major difference between LSCO 
(A = -0.43, B = 0) and NCCO (A = -0.36, B = -0.39) 
is the value of B, that is, the position of the HEK in 
NCCO is rather uniformly shifted downward by ^0.4 eV 
relative to the position of the HEK in LSCO. This can be 
understood as due to the difference in the chemical po- 
tential in the nearly common band structures of NCCO 
and LSCO. Note that although whether the difference of 
~0.4 eV corresponds to the real chemical potential differ- 
ence between NCCO and LSCO is under dispute due to 
the different crystal structure, the uniform shift of ~0.4 
eV between NCCO and LSCO was estimated from the 
core-level X-ray photoemission studies [3(1 HJ . 

In Fig. 3(b), we compare the HEK positions with 
the band bottom estimated from the tight-binding (TB) 
model: 



e — fx = eo — y AE 2 + 4t 2 (cos k x a + cos k y a) 2 
—At' cos k x a cos k y a — 2i"(cos 2k x a + cos 2k y a), 

where t, t', and t" are the transfer integrals between the 
nearest-neighbor, second-nearest-neighbor, and third- 
nearest-neighbor Cu sites, respectively, £o represents the 
center of the band relative to the chemical potential /i, 
and 2AE is the potential energy difference between the 
spin-up and spin-down sublattices. The TB parame- 
ters for NCCO (t = 0.27, -t' /t = 0.20, -t"/t' = 0.5, 
AE = 0.07, and e Q /t = -0.12), and those for LSCO 
(t = 0.25, -t'/t = 0.15, -t"/t' = 0.5, AE = 0, and 
So/t = 0.81), are taken from Refs. [H[ and [lU, respec- 
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tively. Around {w, 0), the HEK positions are well fitted 
by the band bottom of the TB model while around the 
node there is a deviation between the HEK and the band 
bottom, consistent with the above discussion. 

Finally, we discuss the material dependence of the 
HEK position. As shown in Fig. 3(a), while around 
the node the position of the HEK is similar among the 
different hole-doped HTSCs, namely, among LSCO, Eu- 
LSCO, and Bi2212, around </> = 20° the binding energy of 
the HEK in Bi2212 is a little larger than those in LSCO 
and Eu-LSCO. The difference among the materials can 
be explained by the different position of the "(ir, 0) flat 
band" . The position of the flat band is strongly depen- 
dent on the value of —t'. According to the previous 
studies El, [H], of LSCO is smaller than that 
of Bi2212. Therefore, we consider that the difference in 
—t' among them leads to the difference of the HEK po- 
sitions, confirming that the origin in the HEK around 
(n, 0) results from the band bottom. 

IV. CONCLUSION 

In conclusion, we have performed an ARPES study of 
NCCO in order to elucidate the origin of the HEK ob- 
served in HTSCs. The energy of the HEK in NCCO is 
large compared with that in the hole-doped HTSCs, sim- 
ilar to that in PLCCO 0]. The present measurements 



in a wide momentum range elucidated that the differ- 
ence of the HEK between the hole- and electron-doped 
HTSCs is largely attributed to the difference in the chem- 
ical potential. The momentum dependence of the HEK 
demonstrates that, around the (tt, 0) region, the HEK oc- 
curs near the band bottom while in the nodal region the 
HEK is related to the end point of the band dispersion 
possibly due to the boundary between the coherent and 
incoherent parts. 
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